Introduction
[2] Direct measurement of pore pressure and hydrologic properties will strengthen our understanding of fundamental geological processes. We continue to debate the relationship between pore pressure and faulting in accretionary prisms [Dahlen et al., 1984; Davis et al., 1983; Saffer and Bekins, 2002] . Pore pressure is thought to have a role in the earthquake cycle [Sibson, 1981] . In hydrate systems, pore pressure may control how free gas is trapped and migrates Holbrook et al., 2002; Hyndman and Davis, 1992] . Pore pressure is known to have an effect on the potential for submarine landslides [Dillon et al., 2000; Flemings, 2000, 2002] .
[3] Despite its importance, we are only beginning to learn how to directly measure pressure in low permeability sediments. In the Ocean Drilling Program, two techniques are used. Permanent borehole installations (CORKs, ACORKs) have isolated parts of the formation to monitor pressure [Becker et al., 1997; Davis and Becker, 1994; Davis et al., 1992] and penetrometers have been developed [Davis et al., 1997; Taylor et al., 2000] .
[4] Penetrometers induce a pressure pulse as they are inserted into sediments, and subsequently this pressure decays. The induced pore pressure and its subsequent dissipation are constrained by the strength of the sediment and its consolidation coefficient. The initial excess pore pressure after penetration can be used to estimate the shear modulus of the sediments if conditions are undrained . The pressure dissipation is used to infer in situ pore pressure and the coefficient of consolidation [Gupta and Davidson, 1986; , which can be used to infer permeability.
[5] Free fall probes sample pore pressure within a few meters of the seafloor, including the Puppi [Fang et al., 1993; Schultheiss and McPhail, 1986; Urgeles et al., 2000] and a tethered probe [Davis et al., 1991] . A second class of penetration tools was developed for use in boreholes, such as the Davis-Villinger Temperature/Pressure Probe (DVTPP) [Moore et al., 2001; Tréhu et al., 2003] , and a tapered Piezoprobe [Ostermeier et al., 2001; Whittle et al., 2001] .
[6] The goal of this experiment was to evaluate the relative behavior of the Piezoprobe and the DVTPP by deploying them both at one location. For both tools we first characterized the pressure responses during deployment. We then simulated the pressure response for these two tools using soil parameters derived from laboratory testing of core samples collected from Site 1244. We then linked observations of the pressure dissipations with our modeling results to infer in situ pressure and the coefficient of consolidation, and we compared our field-predicted consolidation coefficients with our laboratory-derived ones. More broadly, ODP Leg 204 was dedicated to understanding the factors controlling the distribution and concentration of gas hydrates in an accretionary prism [Tréhu et al., 2003] . Recent work suggests that overpressured pore fluids may drive fluid flow and the formation and distribution of gas hydrates [Flemings et al., 2003; Gorman et al., 2002] . Thus understanding in situ pressure is critical to understanding hydrate system behavior and this effort begins with a better understanding of penetrometer behavior in marine soils.
[7] The results illustrate how penetrometer geometry plays a critical role in our ability to interpret in situ properties, and they demonstrate under what conditions these tools can be effectively used. There have been a variety of industry applications of the Piezoprobe [Ostermeier et al., 2001; Sutabutr, 1999; Varney, 1998; Whittle et al., 2001] . Although the DVTPP has been deployed multiple times, to our knowledge this is the first published analysis of results of the DVTPP that combines theory and observation. Our presentation parallels work that couples theory and measurement in a land-based Piezoprobe example [Sutabutr, 1999; Whittle et al., 2001] .
Instruments
[8] The DVTPP was previously deployed on ODP Leg 190 [Moore et al., 2001] . The Piezoprobe was developed by Fugro-McClelland Marine Geosciences Inc. and is deployed by industry [Ostermeier et al., 2001; Whittle et al., 2001] . The DVTPP and the Piezoprobe differ in their geometry (Figure 1) . The Piezoprobe has a needle probe that is 175 mm long including the short, tapered tip. An 18 degree taper connects the needle probe to a larger diameter shaft. A porous element above the tip allows communication of pore fluid with the pressure transducer. The cone-shaped DVTPP is more than twice as long as the Piezoprobe and the maximum diameter is 1.5 times that of the shaft of the Piezoprobe. The pressure port on the DVTPP is farther from the probe tip than it is on the Piezoprobe (Figure 1 ).
Geological Setting
[9] Hydrate Ridge is a 25-km-long and 15-km-wide ridge in the Cascadia accretionary complex, offshore Oregon (Figure 2 ). ODP Site 1244 is located in 895 meters of water, approximately 3 km northeast of the southern summit of Hydrate Ridge (Figure 2b ). Three-dimensional seismic data image the bottom simulating reflector (BSR) occurs at approximately 125 m below sea floor (mbsf) [Tréhu et al., 2003 ]. The gas hydrate stability zone lies above the BSR, while beneath the BSR, free gas is stable if present in sufficient concentration.
[10] The goal of this experiment was to evaluate the relative behavior of the Piezoprobe and the DVTPP by deploying them at an identical location. Site 1244 was selected for these deployments because it lies within a known hydrate-bearing zone where a BSR was present. In addition, it was the first location cored and the Piezoprobe could only be kept on the ship for a limited amount of time. A depth of approximately 50 mbsf was chosen because this is a depth where there is little possibility that the drill string will become trapped by hole closure. Later DVTPP deployments on ODP Leg 204 were much deeper. One DVTPP measurement was made at 52.6 mbsf in Hole 1244E. A Piezoprobe measurement was made in Hole 1244C at 53.5 mbsf. This was as close to an equivalent depth as possible because penetrometer measurements can only be made after a piston-core is taken and the exact depth of this point cannot be controlled. Holes 1244C and E are 40 m apart.
[11] Both measurements were made in dark greenish gray clay that contains 70% clay [Gracia et al., 2006; Tréhu et al., 2003] . Porosity is approximately 61% at the level of the DVTPP and the Piezoprobe (Figure 3c) . Immediately below the level of these deployments there is an abrupt increase in porosity of four porosity units. This abrupt change is also reflected on the resistivity and bulk density data (Figures 3a  and 3b ). Shipboard bulk density measurements were integrated to calculate the vertical hydrostatic effective stress (s 0 vh ) at Site 1244 (Figure 3d ). s 0 vh at the Piezoprobe Figure 1 . The DVTPP and Piezoprobe pore pressure penetrometers have very different geometries. The DVTPP (left) has a long, tapered tip that extends beyond the constant diameter shaft. Its tip tapers continuously from 8 to 55.5 mm in diameter. The pressure port is located 100 mm above the tip. The Piezoprobe (right) has a tapered extension piece 268 mm long which fits onto the end of a standard 35.6 mm diameter cone rod. The tip of the probe is 175 mm long and it is 9.5 mm in diameter at the top and 6.4 mm in diameter near the tip. Pore pressures are measured through a porous filter element located 19.2 mm above the tip, where the probe has a 6.4 mm diameter. All dimensions are in millimeters. deployment depth is 0.340 MPa, whereas it is 0.334 MPa at the DVTPP deployment depth, (Figure 3d ). The site parameters are summarized in Table 1 .
Field Measurement
[12] The deployments of the DVTPP and the Piezoprobe are described in detail in Appendix A and Tables 2 and 3 . Both tools were lowered on a wireline to the bottom of the hole. They were then pushed into the formation with the weight of the drill string. The tools record the pressure pulse induced by their insertion and the subsequent dissipation of this pressure disturbance. Initially, the DVTPP generated a greater pressure pulse than the Piezoprobe (Figure 4 ). As discussed in Appendix A, this initial DVTPP pressure pulse records the moment that the tip of the DVTPP touched the formation and the pressure pulse is generated only by the weight of the tool. We focus on the dissipation phase of the DVTPP deployment, which starts from the halt of the insertion (marked as 10.08 MPa) to the record prior to the pullout (Figure 4 ). We focus on the Piezoprobe deployment between the peak pressure of 10.243 MPa to a final pressure of 9.573 MPa, which records the dissipation phase (Figure 4 ).
[13] We initially assume that the in situ pressure is hydrostatic (u h ). The excess pore pressure ratio u À u h u i À u h measures the fractional dissipation that has occurred with time ( Figure 5a ). By the end of the deployment, the Piezoprobe pressure dissipated significantly more relative to its peak pressure than the DVTPP pressure did (Figure 5a ). At the end of the test, the DVTPP pressure is dropping more rapidly with time than the Piezoprobe pressure. The Theoretical models that describe the response of the soil to penetration include one-dimensional idealization of the problem as a spherical or cylindrical cavity expansion in a saturated elastic-perfectly-plastic medium [Ladanyi, 1963; or models that treat the penetrometer as a moving dislocation in an elastic medium [Elsworth, 1991 [Elsworth, , 1998 ]. More elaborate and computationally demanding numerical simulations use finite element methods [Kiousis et al., 1988; Yu et al., 2000] . Significant advances have been achieved by modeling penetration in saturated low permeability sediments using the Strain Path Method (SPM) [Baligh, 1985] . This technique has achieved a good match between the modeled and the observed dissipation curves and between the modeled coefficient of consolidation and the coefficient of consolidation derived from lab tests [Aubeny, 1992; Baligh and Levadoux, 1986; Kurup et al., 1994; Levadoux and Baligh, 1980; Whittle et al., 2001] .
[15] We adopt the frame work of the Strain Path Method [Baligh, 1985 [Baligh, , 1986a [Baligh, , 1986b . In the SPM, it is postulated that soil deformation during undrained penetration in saturated cohesive soil can be reduced to an inviscid and incompressible flow problem where soil particles flow along streamlines around a rigid penetrometer. Baligh [1975 Baligh [ , 1985 demonstrated that this approach correctly predicted the strain field around a penetrometer. Application of the SPM greatly simplifies the analysis because we do not need to consider constitutive relations for the soil to calculate the strain during penetration. We apply the SPM within a cylindrical coordinate system in the following manner ( Figure 6 ). (1) Determine the streamlines for the soil particles as they move around the penetrometer. (2) Calculate the incremental strain along the streamline at each node in the system. (3) Integrate the incremental strains along streamlines to determine the strain path of each soil element. (4) Determine the deviatoric stresses (S ij ) and shear induced pore pressure (Du s ) by combining the strain path with a total stress soil model. (5) Determine the penetration-induced pore pressure (Du), which is the sum of the pore pressure change (Du oct ) due to the change in octahedral normal total stress (Ds oct = (Ds rr + Ds + Ds zz )/3), and the shear induced pore pressure (Du s ). (6) Model the subsequent pressure dissipation as uncoupled-isotropic, linear consolidation. Using an arrangement of line sources and sinks in conjunction with a uniform flow, we develop approximate solutions for the axially symmetric, incompressible, and irrotational flow around the closed surface of the penetrometer [Kaufmann, 1963; Levadoux and Baligh, 1980] . We choose a discrete number of body points to represent the probe geometry ( Figure 7 ). The probe is exposed to a flow that is uniform far away from the probe, with a direction parallel to the axis of symmetry of the probe. The technique is to establish a series of line sources and sinks along the axis of symmetry. The strengths of the line sources and sinks are adjusted so that when combined with the uniform flow, one can form a stream surface with a shape approximating the probe geometry. Any number of sources and sinks could be used depends on the desired degree of accuracy.
[17] For convenience, we choose a series of line sources and sinks with equal length for both the DVTPP and the Piezoprobe (Figure 7 ). The conical tip of the DVTPP was analyzed using 100 line sources and sinks ( Figure 7a ). The tapered extension piece of the Piezoprobe was modeled using 45 line sources and sinks ( Figure 7b ). In both tools, we modeled 1.5 m of the constant diameter shaft above the taper. The strengths of the line sources and sinks are solved by satisfying a constant value of the stream function at the body points.
Soil Displacements and Octahedral Shear Strains
[18] A soil particle that is initially in front of the probe is first displaced downward and then as it passes the probe tip it moves upward ( Figure 8 ). The process is repeated as the soil particle passes the transition from the taper to the constant diameter shaft. The upward movement after passage of the probe tip is only significant for soil elements that are very close to the probe surface (compare location A with location E, Figure 8 ). The ultimate vertical displacement decreases with increasing distance from the probe. Soil Figure 4 . Corrected pressure records for DVTPP (dotted line) and Piezoprobe (solid line). The second pressure peak was selected as the initial pressure for both tools and the Dissipation time is set to zero at this point. Hydrostatic pressure (u h ) and overburden stress (s v ) are shown at the deployment depth of each tool (dotted = DVTPP, solid = Piezoprobe). They differ slightly for the two deployments because the Piezoprobe was deployed at a slightly deeper depth than the DVTPP. Appendix A describes how these data were corrected. 
B04101
LONG ET AL.: MEASURING PORE PRESSURE BY PENETROMETERS particles initially located far from the probe centerline tend to return to their initial elevation, which is in agreement with laboratory experiments conducted by . All soil particles are monotonically pushed outward and the ultimate radial displacement decreases with the distance from the probe.
[19] The strain induced by probe penetration is characterized by three deviatoric strain components: E 1 = e zz , E 2 = 1/ ffiffi ffi 3 p (e rr À e ), and E 3 = 2/ ffiffi ffi 3 p " rz . We computed these strain components by integrating the incremental strain as the soil particles move along the stream lines. The octahedral strain,
, provides a good indication of the magnitude of shear during penetration [Prévost, 1978] . Octahedral strain at equivalent distances from the probe surface is greater for the DVTPP than the Piezoprobe (Figure 9 ). Very large strains (E > 10%) are located within a thin annular zone similar in radius to the probe itself.
Penetration-Induced Pore Pressures
[20] The penetration-induced pore pressure, Du i , is the sum of two components: Du oct is the change in pore pressure resulting from changes in octahedral normal total stress (Ds oct ), and Du s , is the shear induced pore pressure. We determine the deviatoric stresses and the shear induced pore pressure from the strain path using a total stress soil model, MIT-T1, developed by Levadoux and Baligh [1980] for this purpose. Ds oct is obtained by integrating the equilibrium equations along the radial direction. MIT-T1 can describe complicated stress paths of various soil elements (including large strain and reversal of strains), initial and stress-induced anisotropy, as well as strain-softening of saturated clays under undrained loading conditions. Initial excess pore pressure predictions presented here are based on parameters derived from laboratory tests on resedimented normally consolidated Hydrate Ridge Clay (HRC) (Appendix B).
[21] The normalized initial excess pore pressures (Du i/ s 0 v0 ) generated by the DVTPP and the Piezoprobe are distinct (Figure 10 ). The shapes of the pressure contours near the probe surface are clearly confined by the geometry of the probe, and their sizes are proportional to the probe diameter. Excess pore pressure is generated further in front of the DVTPP than the Piezoprobe (Figures 10 and 11) .
[22] The excess pore pressure variation along the probe surface closely follows the probe geometry (Figure 11 ). The highest pressures (approximately 2.7 s 0 v0 ) are encountered at the tip for both the DVTPP and the Piezoprobe. High pressures are also generated along the tapered part of the probes. Behind the probe tip and the taper-shaft transition, the excess pore pressure drops rapidly. This pressure drop is due to the sharp decreases in the total stresses after the cone face.
Dissipation
[23] The dissipation of the excess pore pressures induced by penetrometer penetration is modeled as uncoupled, isotropic, linear consolidation. We used a total stress soil Figure 6 . Analysis steps used in this application of the Strain Path Method (SPM). This approach is used to predict the penetration-induced pore pressure and its subsequent dissipation. model as opposed to an effective stress soil model, to simulate the pore pressure induced by penetration. As a result, it is not possible to model this dissipation as a coupled process as Whittle et al. [2001] did. Our analyses were conducted using the ABAQUS TM finite element code with a fine mesh (4000 nodes) to provide a sufficient resolution commensurate with the high-pressure gradients within the vicinity of the probe. We assume no flow normal to the probe surface, no vertical flow on the top, and the excess pore pressure at the far field boundary is fixed at zero. The initial pore pressure field is the pore pressure field induced by either the DVTPP or the Piezoprobe (Figure 10 ).
[24] The solution is expressed in dimensionless coordinates where the dimensionless time factor T is given by
where t is the time after penetration, and R 2 is the shaft radius of the Pizeoprobe. We display the excess pore pressure, Du/s 0 v0 , and excess pore pressure ratio, Du/Du i , with the dimensionless time in log scale ( Figure 12 ).
[25] For both tools, the induced pressure at the pressure ports is approximately twice the vertical effective stress ( Figure 12A) . Initially, the pore pressure dissipation follows a similar path for both tool geometries. However, the Piezoprobe pressure (line 1) declines more rapidly than the DVTPP pressure (line 3) (Figure 12 ). The time to achieve 90% dissipation, T 90 , for the DVTPP is approximately 14 times that for the Piezoprobe (Figure 12b ). As consolidation proceeds (T > 10), the dissipation of the Piezoprobe pressure is retarded: no significant pressure dissipation over a long period of time, which results in a flat spot or ''bench'' between T = 10 and T = 100 (Figure 12b ). The excess pore pressure has dissipated approximately 94% percent at the ''bench.'' This feature can be used to estimate in situ pore pressure from partial pressure dissipation, if the pressure dissipation has reached the ''bench'' at the end of the monitoring.
[26] The nature of the dissipation curve for the Piezoprobe can be understood by breaking the geometry of the Piezoprobe into two parts (Figure 12 , inset): (1) a constant diameter thin probe (R = 3.2 mm) and (2) the upper tapered shoulder that includes the 18 degree taper and the constant diameter shaft (R = 17.8 mm). We used the SPM to simulate the pressure response to these individual components and examined the resulting dissipation. The constant diameter thin probe (line 4, dashed line) generates the same pressure Figure 8 . Modeled soil deformation paths during penetration. The selected soil elements (A, B, C, D, and E, lower left) are initially located far ahead of the probe tip. The small squares shows the initial radial distance from selected soil elements to the centerline of the probe. As the penetration proceeds, three selected locations on the probe surface (point 1, point 2, and point 3) will sequentially pass by the soil elements. Deformations at the corresponding time are illustrated on the right-hand side. dissipation as the Piezoprobe (line 1, solid line) for time factors, T < 5 (Figure 12) . Thereafter, the Piezoprobe pressure dissipation stalls (line 1), whereas the constant diameter thin probe pressure continues to decline (line 4) ( Figure 12 ). The upper tapered shoulder of the Piezoprobe (line 2) generates a small increase in pore pressure at the pressure port (Du i /s 0 v0 = 0.07). There is a very slight increase in pressure with time at T > 1, which reaches a maximum at T = 22.5 before further dissipation occurs (Figure 12a ). The excess pore pressure dissipation predicted for the Piezoprobe (line 1) is identical to that for the tapered shoulder (line 2) for time factors, T > 15. This result indicates that the long-term dissipation of the Piezoprobe converges to the dissipation behavior of its upper tapered shoulder. Similar behavior was described by Whittle et al. [2001] . We emphasize that the pressure response of the Piezoprobe is not simply the sum of those induced by its needle probe and its upper tapered shoulder due to the nonlinear nature of the soil behavior.
6. Interpretation 6.1. In Situ Pore Pressure
[27] In ocean drilling, the time available for downhole tool measurements is precious, expensive, and limited. In this environment, we will almost always be faced with interpreting in situ properties from partial dissipation records. We use the dissipation curves derived in this study to estimate the in situ pressure. The Piezoprobe pressure is nearly constant over the last 5 min of the test (Figure 4 ) and we interpret that the pressure at this time lies on the ''bench'' and thus has dissipated to 94% of the induced pressure (e.g., Figure 12 ). The in situ pressure is
where u i is the peak pressure and u l is the last recorded pressure. The estimated in situ pressure (u 0 ) is 9.527 MPa, which is extremely close to the inferred hydrostatic pressure (9.529 MPa). It is not possible to interpret u 0 for the DVTPP because there is no characteristic step present in the dissipation curve that would record the stage of dissipation.
[28] For the DVTPP and the Piezoprobe, we also applied a more formal technique where we varied in situ pore pressure and the coefficient of consolidation and then compared the resultant curve with the modeled dissipation curves. The error analysis suggested a best fit (u 0 = 9.28 MPa; c = 6 Â 10 À7 m 2 /s) for the DVTPP, whereas we found a best fit u 0 = 9.522 MPa, slightly less than hydrostatic pressure, and c = 6.6 Â 10 À7 m 2 /s for the Piezoprobe. The difference between the predicted u 0 for the Piezoprobe using this statistical approach and that using the ''bench'' is only 1 percent of the hydrostatic effective Figure 9 . Octahedral shear strain (E) around the DVTPP (left) and the Piezoprobe (right). The zone of high shear strains, E > 10% (dotted line), is confined to a thin annular zone similar in radius to the probe itself. There is much greater shear strain around the DVTPP tip than the Piezoprobe tip at equivalent radial distances. The shapes of the small strain contours (E < 0.1%) show no significant similarity to probe geometry. The coordinates (r, z) are normalized by the radius of the shaft of the Piezoprobe (R 2 ). stress. The u 0 for the DVTPP measurement is significantly less than the hydrostatic pressure (9.502 MPa), and is unreasonable. We infer that not enough of the dissipation history of the DVTPP is recorded to make a reasonable estimate of in situ pore pressure.
[29] We compare the above approach with a 1/t extrapolation, as suggested by Davis et al. [1991] and Fang et al. [1993] . This technique extrapolates the data on a reverse time scale to estimate the in situ pore pressure from partial dissipation records (Figure 13 ). Application of this technique for the Piezoprobe results in a u 0 value of 9.553 MPa or an overpressure ratio of 0.07 Figure 13 ).
This value is larger than that estimated from the ''bench'' feature espoused above, most likely because we are extrapolating the late time data on the retarded dissipation feature (''bench''). For the DVTPP, this approach yields a u 0 value of 9.622 MPa or l* = 0.36, far greater than the u 0 value measured by the Piezoprobe (Figure 13 ). We conclude that within the restricted monitoring time, the 1/t extrapolation overestimates the in situ pressure for low permeability sediments.
Coefficient of Consolidation
[30] The rate of pressure dissipation is conditioned by the coefficient of consolidation (c), which can be estimated by matching the observed pressure dissipation with the modeled result (Figure 14) . We found the best fit with a coefficient of consolidation of 7.8 Â 10 À7 m 2 /s for the DVTPP and 6.92 Â 10 À7 m 2 /s for the Piezoprobe. These values are slightly greater than values measured on whole round samples taken from Site 1244 which ranged from 1.5 Â 10 À7 to 5.8 Â 10 À7 m 2 /s [Tan, 2004] . Previous work has also suggested that penetrometer experiments record slightly larger consolidation coefficients than those measured in the laboratory [Baligh and Levadoux, 1986; Schaid et al., 1997; Sills et al., 1988; Tavenas et al., 1986] . This could be due to permeability anisotropy: pressure dissipation around the Piezoprobe is largely controlled by hori- Figure 11 . Initial excess pore pressure along the surface of the DVTPP and Piezoprobe. The Piezoprobe has peaks in pore pressure at the tip and at the tip-shaft transition. In contrast the DVTPP has a broad zone of elevated pressure associated with its tapered geometry (right). Here, Du i is normalized by the vertical effective stress (s zontal permeability, whereas only vertical permeability is measured in the laboratory. Scale effect may also contribute, where larger permeabilities are found when larger volumes are examined.
Error Analysis: Impact of Different Soil Types
[31] We infer that the late stage Piezoprobe data, where the pressures do not decline as rapidly as previously, lie on the ''bench'' predicted from our Strain Path Model (SPM) Figure 13 . The predicted in situ pore pressure from the DVTPP and the Piezoprobe data from an inverse time (1/t) approach and from using the ''bench'' predicted from the modeled dissipation of the Piezoprobe (''bench''). The ''bench'' feature yields an estimate of 9.527 MPa based on the Piezoprobe data. The in situ pore pressures estimated using 1/t technique are shown for comparison. The in situ pressure extrapolated from the DVTPP data is much higher than that extrapolated from the Piezoprobe data. Hydrostatic pressure (u h ) and overburden stress (s v ) at the depth of the DVTPP and Piezoprobe deployments are shown for reference. Figure 14 . Predicted and measured excess pore pressure ratio versus time for (a) linear time and (b) log time. For the Piezoprobe, we assume the in situ pressure is equal to the pore pressure estimated using the ''bench'' behavior. For DVTPP, the in situ pressure is calculated by assuming the same overpressure ratio as inferred at the Piezoprobe location. Based on the best fit between the model prediction and the observed data we find a coefficient of consolidation of 6.92 Â 10 À7 m 2 /s for the Piezoprobe data and 7.8 Â 10 À7 m results: at this point, 94% of the induced pressure has dissipated (e.g., Figure 12 ). SPM soil parameters were derived from geotechnical experiments on cores from Site 1244, which was the same location that we deployed the Piezoprobe and the DVTPP (Appendix B). We explore how different soil types impact our model results by comparing simulations from the Hydrate Ridge Clay with those for the Drammen Clay [Prévost, 1978] and the Boston Blue Clay [Sutabutr, 1999] (Figure 15 ). These simulations are used to predict in situ pressure (u o ) and the consolidation coefficient (c) at Hydrate Ridge (Table 4) . The Hydrate Ridge Clay and the Drammen Clay produce very similar predicted pressures and consolidation coefficients. This is not surprising because the ''bench'' is at a similar position (Figure 15 ). In contrast, the Boston Blue Clay predicts a lower in situ pressure (Table 4 ). This is because the ''bench'' in the BBC data is higher than either the Drammen Clay or the Hydrate Ridge Clay (Figure 15 ). All three models will predict in situ pressure with a range of error of about 5% of the hydrostatic effective stress, and the coefficient of consolidation within a factor of two. Future work will examine what soil properties control the magnitude of residual pressure on the ''bench.''
Discussion
[32] The physical processes that underlie the interpretation of pressure penetrometer data are similar, yet distinct, from those that underlie the interpretation of temperature penetrometer data. In both cases, in situ state (pressure or temperature) and the diffusion coefficient are interpreted from partial dissipation through the diffusion equation. Furthermore, at least for the 50 m depth in this study, the thermal diffusivity and the hydraulic diffusivity are similar. However, in the case of temperature, it is generally assumed that only the penetrometer, and not the sediment bounding the penetrometer, is heated by friction [Bullard, 1954; Hyndman et al., 1979; Lister, 1979; Villinger and Davis, 1987; Von Herzen and Maxwell, 1959] . As a result, very high thermal gradients are imposed around the penetrometer and rapid temperature decay results. In contrast, the installation of the penetrometer results in the deformation of the soil a large distance from the penetrometer, which induces a pressure increase a large distance from the penetrometer (Figure 10) . As a result, the pressure gradients around the penetrometer are relatively small and the rate of pressure decay is slow. This fundamental difference is why temperature decays much more rapidly than pressures (e.g., Figures A1a -A1c in Appendix A).
[33] Our results suggest that the pore pressure is hydrostatic at 50 mbsf at Site 1244, approximately 3 km northeast of the southern Hydrate Ridge summit. This result is congruent with uniaxial consolidation estimates of preconsolidation stresses on Northern Hydrate Ridge that suggested that within the first 70 m, in material similar to the mudstone studied here, the pore pressure lies between l* = 0 and 0.44 [Brown, 1995] . The range results from a minimum and maximum estimate of the preconsolidation stress. Uniaxial consolidation experiments on southern Hydrate Ridge [Weinberger, 2005] were performed at ODP Site 1251, 5.5 km east of the southern Hydrate Ridge summit. Void ratio versus effective stress relationships from the consolidation studies suggest underconsolidation of sediments within the upper 140 m and an overpressure ratio l* = 0.9 [Weinberger, 2005] . Although relatively near each other, ODP Site 1251 and ODP Site 1244 are in very different geologic settings (Figure 2 ). Sediments at Site 1251 are younger than those penetrated at Site 1244 and they were rapidly deposited in an evolving basin that flanked southern Hydrate Ridge. The sedimentation rate is 160 cm/k.y. in the upper 140 mbsf at Site 1251, in contrast, is only 27 cm/k.y. in the upper 80 mbsf at Site 1244 [Tréhu et al., 2003] . We interpret that the overpressures present at Site 1251 are driven by the much higher sedimentation rate.
[34] On the basis of our analysis, the Piezoprobe will achieve 90% dissipation 14 times sooner than the DVTPP (Figure 16 ). Coefficients of consolidation for sediments penetrated in the Ocean Drilling Program range from 4 Â 10 À8 to 2 Â 10 À6 m 2 /s (Table 5 ) Saffer and McKiernan, 2005; Tan, 2004] . For this range of properties it will take from 6 min to 5 hours to achieve 90% dissipation with the Piezoprobe. In contrast, Figure 15 . Pressure dissipation of the DVTPP and the Piezoprobe for penetration in different soils. HRC = uniaxially normally consolidated resedimented Hydrate Ridge Clay (also illustrated in Figure 12 and 14). DC = uniaxially overconsolidated (Ko) Drammen Clay [Prévost, 1978] . BBC = uniaxially normally consolidated (Ko) Boston Blue Clay [Sutabutr, 1999] . (OCR = Over Consolidation Ratio). For piezoprobe, in situ pore pressure is estimated using the bench behavior. For DVTPP, in situ pore pressure is calculated by assuming same overpressure ratio as the Piezoprobe location.
1.5 hours to 3 days are required for the DVTPP (Figure 16 ). In general, Ocean Drilling deployments will be on the order of hours. Thus the Piezoprobe geometry provides an exciting option for the measurement of pore pressure in low permeability sediments. The rapid dissipation of the Piezoprobe relative to the DVTPP results from its narrow tip, which generates a narrower pressure increase around the probe. The resulting very high pressure gradients dissipate much faster than the DVTPP. Furthermore, because of the Piezoprobe's distinct two-radius geometry, it is possible to apply a consistent method to extrapolate in situ pressure based on the ''bench'' feature on the dissipation profile. In contrast, the cone-shaped DVTPP has no characteristic pressure decline curve that would allow the interpretation of partial dissipation. Extrapolation of these results is tentative because the initial pressure distribution is controlled by the soil properties and we have not fully explored a range of soil types. Further analysis of other soil types must be completed to generalize these results.
[35] Our modeled results show more rapid dissipation than the field data for the first 10 min of dissipation of the DVTPP and the first 3 min of dissipation for the Piezoprobe (Figure 14) . Three factors may contribute to this mismatch. First, the penetration process may not be entirely undrained. This will result in smaller pressure gradient around the probe, which can slow down the early pressure dissipation. Second, a large hydraulic compliance of the tool will lead to a slower probe response; thus the tools may fail to capture the early rapid pressure dissipation [Cauble, 1996] . Finally, the strain path method may not describe all of the physical processes of the penetration. We determined the strain paths of soil elements by assuming steady penetration in an incompressible, inviscid fluid. The inviscid fluid cannot permanently resist any shearing stresses. However, for plastic material like clay, small stresses of definite magnitude are required to produce deformation. In addition, we have assumed a rate-independent soil behavior to determine the distribution of the initial excess pore pressure. However, Lacasse [1979] proposes that a 10 n increase in strain rate increases the undrained shear strength (S u ) by an amount nbS u . Typical values of b range from 3 to 20%.
Conclusion
[36] We used two pressure penetrometers, FugroMcClelland's Piezoprobe and the Ocean Drilling Program's (ODP) DVTPP, to measure in situ pore pressure and coefficient of consolidation approximately 50 mbsf at southern Hydrate Ridge, offshore Oregon. We modeled both the penetration and subsequent dissipation to assemble type dissipation curves for these instruments. We used the type curves to extrapolate in situ pressure and the coefficient of consolidation. We found that these shallow marine sediments have hydrostatic pressures and a coefficient of consolidation of 6.92 to 7.8 Â 10 À7 m 2 /s. [37] Analysis of the field data and the modeled response for the DVTPP and the Piezoprobe provides guidance for the deployment of penetrometers in ocean drilling boreholes. For typical marine mudstones encountered by the (Table 5 ). The initial excess pore pressure distribution is assumed to be that modeled for Hydrate Ridge Clay in this study. ODP, the DVTPP cannot be used to interpret in situ pressure within the 0.5 to 1.0 hour typically available on a drill ship. The DVTPP is relatively thick, and it has a cone-shaped geometry that results in a monotonic pressure decline. As a result, dissipation times are long and there is no distinct feature in the dissipation curve that records a known degree of partial dissipation. In contrast, the Piezoprobe's narrow tip allows very rapid initial dissipation and the abrupt transition to its wider diameter shaft results in a characteristic dissipation profile with a step or ''bench'' that records a known degree of dissipation. This feature can be used to estimate in situ pore pressure from partial pressure dissipation.
Appendix A: DVTPP and Piezoprobe Deployments
[79] We used core line depth, core line tension, hook load, bit depth, and pump strokes to determine the series of events that occurred during penetrometer deployment (Tables 2  and 3 ).
A1. DVTPP
[80] The DVTPP was lowered down the drill pipe on the coring wireline ( Figure A1a ). As it was lowered, sea water was pumped continuously. At Pt. 1 ( Figure A1b ) the tool was stopped at the seafloor and the pumps were turned off. After 5 min, the pumps were turned on and the tool was further lowered on the wireline (Pt. 2, Figure A1a ). At Pt. 5, the colleted delivery system (CDS) landed into the bottom hole assembly (BHA), which is recorded by a drop in core line tension ( Figure A1b ). At this point, the bit was 6.3 m above the bottom of the hole, and the tip of the DVTPP extended 4.4 m ahead of the bit: the CDS was extended. At Pt. 6, the drill string started to lower ( Figure A1c) . At Pt. 7, the DVTPP tip touched the bottom of the hole, which is recorded by an abrupt increase in pressure and temperature ( Figure A1c ). The drill string continued to lower and as it did so the CDS closed (much like an accordion). At Pt. 8, the CDS was completely closed and the drill string began pushing the DVTPP into the formation (Figures A1c and A1d) . This is recorded by an increase in temperature and by a slight oscillation in the pressure response ( Figure A1c ). As the tool is pushed further into the formation, the hookload decreases by 20,000 lbs ( Figure A1d ). At Pt. 9 (or perhaps slightly sooner), the tool has fully penetrated into the formation and the drill bit is now pushing directly against the bottom of the formation. The drill string is then raised. At Pt. 10, the drill string is stopped after having been raised 1.64 m above the bottom of the hole ( Figure A1c ). After 30 min in place, the DVTPP is removed by pulling on the coring wireline. Release of the tool is recorded by a brief increase in temperature that is coincident with a decrease in tension on the coring wireline as the tool breaks free (Pt. 12, Figure A1b) . The tool is then held in place briefly 1 min before it is raised with the coring line to the seafloor (Pt. 14, Figure A1 ) and held for 5 min. Then the tool is raised to the surface (Pt. 15, Figure A1 ).
[81] We interpret that from Pt. 5 to Pt. 6 and from Pt. 12 to Pt. 13, the tip of the tool is just above the bottom of the hole and is measuring the hydrostatic pressure within the borehole. This pressure, 9.612 MPa, corresponds to a . We interpret that this unreasonably high fluid density is because the tool is not perfectly calibrated. For this reason, we applied a static shift of the data of 0.108 MPa to match an average seawater density of 1.024 g/cm 3 . The figures in the text have had this shift applied. We also note that the time used in the DVTPP deployment (GMT) is that recorded by the DVTPP. The core line depth, core line tension, hook load, and bit depth data were shifted 20 s in time to correctly match the DVTPP data.
A2. Piezoprobe
[82] For the Piezoprobe deployment, core line depth and core line tension were not recorded. The deployment events are defined by . The Piezoprobe was stopped at the seafloor after 33 min of deployment (Pt. 2, Figure A2 ). Thereafter it was lowered to the bottom of the hole at 53.5 mbsf (Pt. 3 to Pt. 4, Figure A2 ). It was pushed into the formation (Pt. 9, Figure A2 ) over 40 s, and generated a peak pressure of 10.356 MPa. After that, pressure sharply dropped to 10.05 MPa. This is most likely due to a pull after the first insertion. Then pressure built up to 10.284 MPa in 36 s due to further insertion. The dissipation lasted 45 min. Pressure declined to 9.614 MPa before pullout, which is 0.085 MPa greater than estimated u h ( Figure A2) . The pressure at the bottom of the hole, before and after insertion is 9.57 MPa (Pt. 7 and Pt. 10, Figure A2 ). This is 0.041 MPa greater than the predicted hydrostatic (u h ) pressure assuming a fluid density of 1.024 g/cm 3 . This could be due to poor tool calibration or a borehole fluid density greater than 1.024 g/cm 3 . We applied a static shift of the data of 0.041 MPa to match the estimated hydrostatic pressures at the base of the hole.
Appendix B: Parameters for Total Stress Soil Model (MIT-T1)
[83] To develop soil parameters for the total stress approach, K 0 -consolidated undrained triaxial compression and extension tests were performed on intact and resedimented specimens [Tan et al., 2006] . The test involves two stages: first the specimen is consolidated one-dimensionally until the desired stress state is reached; second, the specimen is sheared without drainage. Tan [2004] and Tan et al. [2006] showed that resedimented specimens exhibit similar behavior to intact specimens, especially during undrained shearing. Because we did not have enough sample for triaxial testing at the depth the penetrometers were deployed and because sample disturbance during piston coring affected the strength of the samples, we determined stress-strain relations and the shear induced pressure versus strain relations from the test results on the resedimented specimens. The preparation procedure of the resedimented specimens is described by Tan [2004] and Tan et al. [2006] . The sample material was acquired from multiple depths at Site 1244 and represented material of similar composition to the soil present at the depth the penetrometers were deployed. Definitions and derivations of the soil parameters are presented by Levadoux and Baligh [1980] .
B1. Parameters for Stress-Strain Relationship of Resedimented Samples
[84] 1. The dimensionless elastic shear modulus G/s 0 v0 is equal to 144.44.
[85] 2. The initial yield surfaces are presented in Table B1 .
[86] 3. The experimental constant A m is equal to 25, which controls the reduction in plastic modulus H Table B2 presents the model parameters that predict the shear-induced pore pressure for general strain paths. The maximum shear-induced pore pressure can be obtained Figure A2 . Pressure records for the Piezoprobe deployment. The deployment events are identified by numbers and are explained in Table 3 . See Appendix A for discussion. E octahedral shear strain E 1 , E 2 , E 3 triaxial, cylindrical expansion and direct simple shear strain component G elastic shear modulus ML K 0 earth pressure coefficient at rest R radius of the DVTPP shaft L R 1 , R 2 tip and shaft radii respectively for Piezoprobe L r, z radial and vertical coordinates for strain path models of probe penetration L S ij deviatoric shear stress components in axisymmetric problems ML À1 T
À2
T dimensionless time factor T 90 dimensionless time to achieve 90% dissipation t time after penetration is halted T u pore pressure ML 
